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Function-driven design of stimuli-responsive
polymer composites: recent progress
and challenges

Yang Shi{®? and Zheng Chen () *@®

Stimuli-responsive polymer composites have been extensively investigated due to their diverse
structures and functional properties in response to various environmental stimuli. The past few years
have witnessed a rapid expansion of design and fabrication of such composites at both the material and
system levels, which opens tremendous opportunities not only for fundamental understanding of their
structure—property relationships but also for exploring their applications in emerging areas such as
electronics, biomedical devices, soft robotics and electromechanical engineering. A systematic under-
standing of the progress in the constituent materials, properties and applications of these composites is
needed to guide future development. Here, we review the most recent progress (post the year 2012)
in the material and structure designs of stimuli-responsive polymer composites to understand the
state-of-the-art development, with a focus on photo-, electrical- and thermo-responsive composites.
The advantages and disadvantages (or limitations) of different types of polymer composites are
evaluated according to response-related parameters such as response time and sensitivity to stimuli.
In the end, this review is concluded with challenges and perspectives for future design of better
polymer composites.

1. Introduction

Stimuli-responsive polymer composites represent a large class
of composite materials that can change their structures and
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tunable structure and functionality. By wisely selecting polymer
matrices and functional additives (e.g., nanostructured carbons,
metals, ceramics), desirable mechanical, optical, electrical,
thermal and magnetic properties may be achieved due to the
strong synergism between the two constituents. Stimuli-responsive
polymer composites can be generally categorized based on the
type of their environmental stimuli, such as photo-, electrical-,
thermo-, magnetic-, pH-, pressure-, humidity-responsive poly-
mer composites, etc. Most of the polymer composites studied
for electronics, soft robotics and electromechanical engineering
applications fall into the first four categories, though there
have been growing research interests in pH-," > pressure->"® and
humidity-responsive’ ! composites because of their potential
applications in environmental sensing and biomedical devices.

The past few years have witnessed a rapid expansion of the
design and fabrication of stimuli-responsive polymer compo-
sites, which opens tremendous opportunities not only for funda-
mental understanding of their structure-property relationships
but also for exploring new applications. Specifically, driven by
their unique properties, a diverse range of compositions and
structures have been designed to tune the synergistic functions
of various stimuli-responsive polymer composites with the
purpose of improving their sensitivity, response time, mecha-
nical properties and thermo/chemical stability. A systematic
understanding of the progress in the constituent materials,
properties and applications of these composites is needed
to guide future development. There have been several earlier
reviews that surveyed the literature on stimuli-responsive poly-
mers, and these reviews focused more on the intrinsic properties
and response behaviors of the polymers. However, the synergies
between the polymer matrices and the fillers often endow a
wider range of structure tunability and more diverse functions
compared with pure polymers."”™** There have been also some
other earlier reviews focusing on shape memory polymer (SMP)
composites,*>” while a comprehensive study of recent advances
in other polymer composites is lacking. Two recent articles have
reviewed the materials, structure and architecture of the class of
magnetic-responsive polymer composites.'®'® Therefore, in this
review, we aim to investigate the most recent progress (post the
year 2012) in the area of material and structure design of stimuli-
responsive polymer composites to understand the state-of-the-
art development, with an emphasis on photo-, electrical-, and
thermo-responsive composites.

An important goal of this paper is to provide a systematic
understanding of the structure-property-function relationship
of polymer composites in the above three categories by following
their design considerations and response mechanisms. In the
sections of photo-responsive and electro-responsive compo-
sites, they are classified and investigated according to their
response mechanisms. In the section of thermo-responsive
composites, we focus mainly on positive temperature coefficient
(PTC) materials, which are the most representative type of such
composites. Their response mechanism, materials, designs and
applications are reviewed and discussed. Furthermore, the
advantages and disadvantages (or limitations) of different
categories of polymer composites are evaluated according to
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response-related parameters such as response time and
sensitivity to stimuli. Finally, this review is concluded with
challenges and perspectives for future design of better polymer
composites.

2. Photo-responsive polymer
composites

Photo-responsive polymer composites often have advantages
such as remote or wireless control, good scalability and adapt-
ability in harsh environments.>* For most photo-responsive
polymer composites, their responsiveness is mainly due to the
photothermal effect, which is the production of heat in materials
upon photo-excitation. In general, the photo-response is com-
posed of two decoupled processes: photo-thermal conversion
and thermal-induced mechanical response (e.g., deformation).
The photomechanical behavior has been most widely used as
an actuation strategy, and therefore is the main focus of this
section. Polymer composites with photomechanical actuation
can be categorized into four major groups according to their
designs and responsive mechanisms: shape memory polymer
(SMP) composites, liquid crystalline elastomer (LCE) composites,
pre-strain-sensitive polymer composites, and laminated (bilayer or
multilayer) polymer composites. Their photomechanical response
mechanisms are based on the shape memory effect of polymers,
trans-cis isomerization or nematic-isotropic phase transition,
expansion/contraction with different pre-strains, and mismatch
of the coefficient of thermal expansion (CTE) in different layers,
respectively. It is noted that this classification is mainly based
on their responsive mechanism rather than materials. For
example, laminated polymer composites with mismatch in the
CTE may be composed of the SMP or LCE matrix; however their
responsive mechanisms are not related to the shape memory
effect or phase transition. Ideal photomechanical responsive
polymer composites should possess fast response and large
strain/high-complexity motion, since the increase in response
speed and strain/motion complexity greatly enhances their prac-
tical applications. Therefore, the four major categories of poly-
mer composites are carefully evaluated based on these property
metrics, which are summarized in Table 1. Since light intensity
and/or wavelength are crucial in determining the response of
these composites, these parameters are also provided for each
example. Their respective response mechanism and examples of
applications are discussed in detail.

2.1 Shape memory polymer (SMP) composites

Photo-responsive SMPs can be deformed into predefined tem-
porary shapes and recover their permanent shape upon photo-
thermal heating by near infrared (NIR) or visible light radiation.
Complex shape changes can be realized such as mimicking the
heliotropism and blooming of sunflowers, extension of springs
and stents, and grabbing motion of grippers.>**” SMPs are
generally composed of a hard segment determining the perma-
nent phase and a soft segment fixing the temporary shape
below the transition temperature (Tmms).48 The fillers such as

This journal is © The Royal Society of Chemistry 2018
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Table 1 Photomechanical responsive polymer composites
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Polymer composites

Response time

Responsive strain/shape
change/motion

Light intensity or
wavelength

SMP composites

Poly(butylene succinate)-poly(e-caprolactone)/
multi-walled carbon nanotubes (MWCNTSs)**

Polyurethane (PU)/sulfonated reduced
graphene oxide/sulfonated CNT*
PU/carbon black*

Poly(methyl methacrylate-co-butyl
acrylate)/NaYF,**

Poly(vinylidenefluoride-hexafluoro propylene)

(PVDF-HFP)/graphene oxide (GO)*

Liquid crystalline elastomer (LCE) composites

LCE/single-walled carbon nanotubes
(SWCNT)-silicone>®
LCE/SWCNT”

LCE/GO*®
LCE/GO*

LCE/gold nanoparticles (AuNPs)*°
LCE/silver nanopartilces®*
LCE/conjugated polymers*
LCE/croconaine dye®?
Azobenzene-containing molecules/gold
nanoparticles®*

Azobenzene containing crosslinked
liquid crystalline polymer/CNTs*”

Pre-strained polymer composites

52 s for shape recovery upon NIR
18 s for shape recovery upon NIR
160 s for shape recovery upon NIR
100 s for shape recovery upon NIR

5 s upon visible light

10 s actuation, 30 s relaxation
40 s actuation, 40 s relaxation

7 s actuation
3 s actuation

5 s actuation, 1.5 s relaxation
15 s actuation, 80 s relaxation
30 s actuation, 30 s relaxation
30 s actuation, 30 s relaxation
3.5-9.5 min for cis-trans transition

50 s trans—cis upon UV light,
140 s cis-trans upon visible light

Curved to flat

320 mW mm 2

2

15.7% contraction 30 mW cm™

Bent to flat, distorted cubic 87 mW cm?

to normal cubic

Bent to flat 980 nm

Tumbler movement 54 mW cm 2,
450 nm

Reversible flat to bent 1.1 Wem™?

Reversible 25% contraction or flat
to bent upon asymmetric radiation

250 mW cm 2

33.1% contraction 3 Wem™?
Flat to bent 54 mW cm 2,
450 nm
Reversible 27% contraction 95 W cm 2
Reversible 29.8% contraction 22 mW cm 2
Reversible 50% contraction 808 nm
Reversible 25% contraction 808 nm
Theoretical study 365 nm
Reversible flat to bent 100 mW cm 2,
365 nm (UV);

35 mW cm’z,
530 nm (visible)

Polydimethylsiloxane (PDMS)/MWCNTs** 1.5 s actuation, 1.5 s relaxation Reversible expansion/contraction 808 nm
PDMS/graphene®” 1.5 s actuation, 1.5 s relaxation Reversible expansion/contraction 808 nm
PDMS/MoS,>*® 4 s actuation, 10 s relaxation Reversible expansion/contraction 808 nm
PDMS/graphene nanoplatelets (GNP)** 3 s actuation Reversible change in the grating period 220 mW cm >
Reactive ethylene elastomer (RET)/CNT*° 12 s relaxation (reversible), Reversible and irreversible stress 97 mW cm >
17 s relaxation (irreversible) modulations
Laminated polymer composites
PC/SWNTs*! 1 s actuation, 1 s relaxation Reversible flat to bent 100 mW cm?
PC/GO*? 3 s actuation, 5 s relaxation Reversible flat to bent 106 mW cm ™2
PDMS/(GNP)-PDMS*? 3.4 s actuation Reversible flat to bent 2.95 W cm 2
PDMS/GNP-chromium** 1 s actuation, 3 s relaxation Reversible flat to bent 550 mW cm ™2
PDMS/RGO™ 0.4 s actuation, 1.2 s relaxation Reversible flat to bent, oscillatory 808 nm

PDMS/RGO-CNT*®

different nanocarbons including CNTs, GO and carbon black in
the SMP matrix absorb NIR radiation, convert it to local heat
and therefore lead to the recovery of the permanent shape
(Fig. 1a and b).>* The majority of photo-responsive SMP com-
posites are NIR-induced due to the strong photothermal effect
of NIR radiation since it can penetrate much in most polymeric
materials, with generally less damage to the material, compared
with visible light and ultraviolet (UV) light.**>° The penetration
depth of NIR can reach 1-2 cm while that of UV light can only
reach 20-150 pm.**> However, such NIR-induced photo-
mechanical response is often irreversible: the temporary shape
(predefined) can be turned into the permanent shape upon
NIR radiation, while by turning off the NIR radiation, the
permanent shape cannot be turned back into the temporary
shape, which is known as the one-way shape memory effect.>®

This journal is © The Royal Society of Chemistry 2018

3.6 s actuation, 6.8 s relaxation

motion

Reversible curved to flat 250 mW cm >

Therefore, only the response time needed for a change from the
temporary to the permanent shape (denoted as shape recovery)
is listed in Table 1. Nevertheless, reversible response has also
been achieved. For example, the PVDF-HFP/GO composite film
shows reversible tumbler movement due to the broken equili-
brium by turning the visible light on and off (54 mW cm 2,
450 nm).”® In the initial state, the film is simultaneously sub-
jected to gravity and bracing force which keep it in an equili-
brium state before light irradiation, while during the unfolding
process, the equilibrium of the film is inevitably broken, which
leads to the tumbler movement like a tilting doll. This is due to
the three crystal phases: permanent shape A, temporary shape B
and intermediate shape C, among which two are switchable
domains and one is physically crosslinked determining the
permanent shape (Fig. 1c). Upon irradiation of visible light,
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Shape B Shape C Shape A

Fig. 1 The shape recovery process of the PU/carbon black cubic frame under (a) 87 mW cm™2 of light source (HAL 320, Solar Cell Research solar
simulator) and (b) 76 mW cm™2 of sunshine. Reprinted with permission from ref. 23. Copyright 2017 John Wiley and Sons. (c) Schematic illustration of the
microstructure of the PVYDF-HFP/GO nanocomposite film showing the two-way and one-way shape memory effect. Reprinted with permission from

ref. 25. Copyright 2015 American Chemical Society.

the temperature rises from 28 °C to 48 °C, leading to the
reversible change from shape B to shape C, while upon NIR
irradiation, the temperature rises from 28 °C to 80 °C, leading to
the irreversible change from shape B directly to shape A. Overall,
SMP composites show high potential in complex shape change
due to the predetermined nature of shapes, especially when
3D printing can be applied in making SMPs.>**”>* However, the
one-way shape memory effect limits their applications, since
they require a “reset” after the actuation.

2.2 Liquid crystalline elastomer (LCE) composites

LCEs are composed of an elastomeric network with mesogenic
moieties attached to the backbones of the polymer network.>
The orientation change of the mesogenic units by external
stimuli can result in a change of the macroscopic shape.>®*’
Among different stimuli, the NIR/visible light-induced nematic-
to-isotropic phase change (photothermal effect) and the UV light-
induced trans-to-cis isomerization of azobenzene mesogens are
two major approaches to trigger the shape changes of LCEs,
which will be discussed in detail.

2.2.1 Nematic-isotropic phase transformation. Most of
LCE composites are based on nematic-isotropic phase trans-
formation under NIR irradiation. A contraction occurs in these
composites during the transformation from the nematic phase
with long-range orientational order to the isotropic phase with
no long-range orientational order (Fig. 2a).>® Different fillers
with a photothermal effect have been added to the LCE matrix
to trigger this phase transition upon NIR exposure, such as
SWNTs.?® A bilayer structure composed of an upper layer of
LCE matrix embedded with SWNTs and NIR dyes and a bottom
layer of silicone can bend towards the IR radiation direction
(Fig. 2b). The embedment of NIR dyes enhances the IR-selectivity,
which enables the bending behavior upon 980 nm laser radiation
while no response occurs upon 1342 nm laser radiation (Fig. 2c).>
Another bilayer structure composed of a polymer-dispersed
liquid crystal (PDLC)/GO nanocomposite can bend towards the
visible light source (54 mW cm ™2, 450 nm) after an exposure of
4 5.*° GO serves as the light absorbent and heat source to
thermally induce a phase transition from the LC phase which is
rich in the upper layer to an isotropic phase. However, a mecha-
nical stretch must be applied before the exposure to light to
induce the mesogenic alignment. Without such a pre-treatment,
LC domains will be randomly distributed and therefore no

11820 | J. Mater. Chem. C, 2018, 6, 11817-11834

photomechanical response was observed upon exposure to
visible light. This is because there is little shape change during
the phase transition from the non-aligned LC to the isotropic
phase. It is noted that the bending is not reversible once the light
is turned off, and a mechanical stretching step is also needed
for returning to the original state. The same group further
introduced 4-cyano-4’-pentyloxyazobenzene (5CAZ) into the LC
domains, which enabled UV responsiveness due to the nematic-
isotropic transformation upon UV light irradiation. This further
expanded the responsiveness of PDLC/GO from NIR-responsive
to NIR-vis-UV light responsive.®

2.2.2 trans-cis isomerization of azobenzene groups.
Azobenzene-containing polymers exhibit contraction under
UV irradiation due to the trans—cis isomerization. It involves a
decrease in the distance between the two carbon atoms in posi-
tion 4 of the aromatic rings from 9.0 A (trans) to 5.5 A (cis)
(Fig. 2d), which leads to a macroscopic linear contraction of
nearly 20%.5"%> The isomerization can take place in the pure
polymer matrix without adding fillers. Nevertheless, adding
certain fillers in azobenzene-containing polymer composites can
dramatically accelerate the thermal cis-to-trans isomerization.
Visible light (in particular blue light) and NIR radiation can
induce the cis-to-trans isomerization through thermal relaxation,
due to the less stable state and more distorted configuration of
the cis isomer.®* Therefore, UV radiation and visible light/NIR
stimulus are often combined to enable the reversible deforma-
tion. Gold nanoparticles (AuNPs) as fillers can effectively
decrease the thermal relaxation time of 144-3720 min for the
pure azobenzene-containing compound to 3.5-9.4 min for the
composite.** This acceleration comes from the decreased acti-
vation barriers of electron attachment and withdrawal with the
existence of AuNPs. Since the trans-cis isomerization occurs in
the time scale of less than 1 min,*® the cis-trans back isomer-
ization becomes the speed limiting step, and therefore its
acceleration increases the overall response speed. Another role
of the fillers is to achieve a specific bending direction. In an
azobenzene-containing crosslinked liquid crystalline polymer
(CLCP) with CNT fillers, bending can be realized by the shrinking
behavior of the composite surface under UV irradiation
(100 mW cm™?, 365 nm).>> The transto-is isomerization
results in a reduction in the orientation of the CLCP mesogens
along the CNT-aligned direction, leading to the anisotropic
contraction of the surface layer. Upon visible light irradiation

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Examples of photo-responsive LCEs. (a) Schematic illustration of the lattice model for the isotropic—nematic transition in LCEs. In the isotropic phase, the
directors are disordered, and there is no strain. In the nematic phase, the directors are ordered along one axis, and the material is extended with strain along that
axis. Reprinted with permission from ref. 58. Copyright 2004 American Physical Society. (b) Scheme of a SWNT-LCE composite/silicone bilayer film undergoing
bending toward the SWNT-LCE side upon IR irradiation, where L = length and w = width of the bilayer, t; = thickness of the SWNT-LCE layer, and t, = thickness
of the silicone layer. Reprinted with permission from ref. 26. Copyright 2013 John Wiley and Sons. (c) Schematic illustration of reversible photomechanical
actuation in graphene/LCE nanocomposites upon on-off switching of NIR light. Reprinted with permission from ref. 59. Copyright 2015 John Wiley and Sons.
(d) The trans—cis isomerization process of azobenzene under UV and visible light. (€) Schematic illustration of the two acting mechanisms for different bending
behaviors triggered by UV-vis and NIR light, respectively. Reprinted with permission from ref. 65. Copyright 2015 John Wiley and Sons.

(35 mW cm?, 530 nm), the cis-to-trans isomerization enables
the bent film to return to the original state. In addition, the CNT
fillers increased the tensile strength from 15.7 MPa in the pure
film to 31.2 MPa, and also increased the electrical conductivity to
270 S cm™ " along the CNT-aligned direction.

By combining the trans-cis isomerization effect of azobenzene
and the photothermal effect of LCE embedded with SWCNT,
another azobenzene-containing LCE/CNT composite could realize
a bending angle of 60° and a contraction of 25% towards UV and
NIR stimulus, respectively.®* With a similar concept to combi-
nation of azobenzene and the LCE, a liquid crystalline network
with AuNR fillers showed both NIR- and UV-light-induced
contraction due to the photochemical reaction of azobenzene
and the photothermal effect from the surface plasmon reso-
nance of AuNRs (Fig. 2€).°> Such bilayer-structured actuators
can display photo-controllable bending/unbending (90°) and
complex motions as plastic “athletes” that can execute push-ups,
sit-ups, as well as crawl forward (13 mm min™%).

2.3 Pre-strained polymer composites

Some polymer composites can expand and contract based on differ-
ent pre-strains when exposed to IR irradiation. This phenomenon

This journal is © The Royal Society of Chemistry 2018

was first discovered in CNT/polymer composites,®® and later

found in other carbon or non-carbon/polymer composites, such
as PDMS/graphene and PDMS/MoS,.*”° The mechanism of
actuation was proposed to be the ordering of nanotubes
induced by the uniaxial extension,*® though there remains a
need for further justification. The following research was more
or less based on such assumption without further investigation
of the actuation mechanism, which makes it still an open
question. Although pre-strain is not necessary in generating the
actuation,®” it can determine whether the composites exhibit
expansion or contraction. At low pre-strains (< ~10%), PDMS/
MWCNT composites exhibit expansion upon NIR radiation
(808 nm) due to the smaller constant load than the thermo-
elastic inversion point, while at high pre-strains (> ~15%), the
composites exhibit contraction upon NIR radiation since the
thermoelastic inversion point has been crossed.*® In the study
of the dimensional dependence of photomechanical response
in PDMS composites, it has been found that as the dimension-
ality of the nanocarbon additives in the PDMS/carbon polymer
decreases, from highly ordered pyrolytic graphite (HOPG, 3D)
to graphene nanoplatelets (GNPs, 2D), single-layer graphene
(SLG, 2D) and MWCNTs (1D), the NIR-induced photomechanical

J. Mater. Chem. C, 2018, 6, 11817-11834 | 11821
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Fig. 3 Examples of pre-strained, laminated and other photo-responsive polymer composites. (a) Photomechanical stress response for 3—40% pre-
strains starting with a 3D carbon composite (HOPG/PDMS) and progressing to a 1D composite (MWNT/PDMS) due to NIR illumination. Reprinted with
permission from ref. 36. Copyright 2012 IOP Publishing. (b) Schematics illustrating the PC/SWNT bilayer structure in response to photo-stimulation.
Reprinted from ref. 41. Copyright 2014 Nature Publishing Group. (c) Schematics illustrating the RGO/PDMS/RGO sandwiched film with oscillation motion
due to an incident light. Reprinted with permission from ref. 45. Copyright 2017 John Wiley and Sons. (d) Conceptual illustration of the cyclic, dramatic,
and reversible electrical conductivity changes observed in the MWCNT/PCM nanocomposite films regulated by IR. Reprinted with permission from

ref. 74. Copyright 2015 American Chemical Society.

stress response increases (Fig. 3a).’® Layer-dependent stress
responses to NIR light (808 nm) have been also observed, with
a decrease of 20% per additional graphene layer in PDMS/single
layer graphene (SLG) composites.®”

Particularly, the members of the graphene family, such as
graphene, GO and RGO, have also been designed as effective
fillers for photo-responsive composites.***”*° The graphene/
poly(styrene-b-isoprene-b-styrene) composite shows expansion
when no pre-strain is applied and contracts under tensile strain
conditions on IR radiation.®” The loading of graphene in the
composite plays a key role in determining the maximal actuating
stress (28.34 kPa with 100% pre-strain) upon IR radiation,
which is achieved with a graphene loading of 1.5 wt% in this

11822 | J. Mater. Chem. C, 2018, 6, 1181711834

specific case. This is because the Young’s modulus first increases
and then decreases with the increased loading of fillers.®”
The homogeneous distribution of carbon fillers is also impor-
tant in the photomechanical response. A chemically function-
alized graphene (CFG) can be uniformly dispersed in PDMS
suspension due to the presence of the long-dodecyl chain.”
The composites with 0.05 wt% CFG can exhibit temperature
increase due to the photothermal heating effects not only under
red light irradiation, but also under short violet light. It has
been found that PDMS/thermally reduced graphene oxide (TRGO)
composites exhibited higher photomechanical stress than that
of the PDMS/CNT composite.®® RGO as fillers in chitosan also
exhibits contraction when exposed to IR light.®® It is not always

This journal is © The Royal Society of Chemistry 2018
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the case that the stress response behavior is reversible when
different polymer matrices are used. Both the reversible and
irreversible stress responses of ethylene terpolymer (RET)/
CNT composites were observed, different from the case in
PDMS/CNT composites, and the transformation of crystalline
domains to amorphous domains in the RET matrix was
proposed to explain the irreversible response.*® Though such
behavior has been mostly observed in polymer composites with
carbon fillers, a similar phenomenon was also observed in the
MoS,/PDMS nanocomposite, which shows reversible expansion
at lower levels of pre-strains (3-9%) while reversible contrac-
tion at high levels of pre-strains (15-50%) upon NIR radiation
(808 nm).*®

2.4 Laminated polymer composites with mismatch in
the CTEs

A bilayer structure has been widely used to achieve photo-
responsive bending behaviors due to the mismatch in the CTEs
between the two layers. A polycarbonate (PC)/SWNT bilayer
film bends towards the CNT side (90°) upon light (white,
100 mW cm™?) illumination due to the larger (over 10 times)
thermal expansion coefficient of the PC membrane than that of
the SWNTs (Fig. 3b).*' Similarly, a PC/GO bilayer composite
bends towards the GO side (a deflection distance of 12 mm for
28 mm-long film) upon NIR radiation (106 mW cm?) due to
the larger CTE of PC than that of the GO.*> Other than the PC
matrix, the composites composed of bilayer PDMS-GNPs/
PDMS also showed similar bending behaviors.*® Due to the
differences in the CTE and Young’s modulus between the two
layers, the bilayer platform can be driven to bend towards the
PDMS/GNPs side by NIR light irradiation (2.95 W cm™?).
The same research group also observed two different bending
behaviors in this system when the NIR light comes from
different sides, i.e., a gradual single-step bending towards the
PDMS/GNPs layer upon irradiation from the PDMS side and a
dual-step bending (finally bending to the PDMS/GNPs side but
with a strong and fast backlash at the time of light on/off) upon
irradiation from the PDMS/GNPs side.”"”” This is due to the
difference in the temperature gradients along the thickness
upon irradiation from different sides, caused by the different
thermal conductivity (0.45W m~' K ' for PDMS/GNPs vs.
0.15W m™"' K™' for PDMS) of the two layers.

Similar bilayer structures showed bending towards the
materials with lower CTE, such as the composite composed
of PDMS/GNP and a chromium layer (lower CTE),** and the
composite composed of PDMS and RGO coating (lower CTE).*®
As another example, a biaxially oriented polypropylene (BOPP)
film was attached to a graphite/paper film and the composite
bent towards the NIR light due to the much smaller CTE of
the paper than the BOPP film.”* Besides the one-directional
bending/unbending, an oscillation motion was realized with an
RGO/PDMS/RGO sandwiched film: when the RGO side was
exposed to NIR light (808 nm), the sandwiched film first bent
towards the direction of light; when its back side RGO was
exposed to the light, it bent towards the opposite direction
(Fig. 3¢).*®> With the same concept, actuation from a closed loop
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to flat state or other complex motions can be realized in an
RGO-CNT/PDMS composite.*®

2.5 Other photo-responsive polymer composites

Other photo-responsive polymer composites are more or less
related to the photothermal effect. It has been found that the
electrical conductivity of CNT/phase change material (PCM)
composites showed IR-responsiveness. A CNT/polyethylene
glycol (PEG)-triphenylmethanetriisocyanate composite showed
IR-regulated electrical conductivity on/off ratios of 11.6 + 0.6
and 570.0 + 70.5 at IR powers of 7.3 and 23.6 mW mm 2,
respectively (Fig. 3d).”* The change in electrical conductivity is
due to the thickness change of the interfacial PCM during the
localized PEG melting and recrystallization process between
adjacent MWCNTs. In addition, the moisture sensitivity has
been combined with the photothermal effect in the design of
actuators: a bilayer actuator composed of a polydopamine-
modified RGO and a Norland Optical Adhesive (NOA) layer can
bend and unbend with periodic NIR radiation.”” The polydopa-
mine can absorb water to swell and lose water to shrink due to
its hydrophilicity. The RGO sheets convert NIR light into thermal
energy, which leads to water loss of the polydopamine. Since the
shape of the NOA layer remains unchanged under NIR light,
periodic NIR irradiation enables bending/unbending motions of
the bilayer actuator. Another photo-responsive nanocomposite
based on poly(N-isopropylacrylamide) (PNIPAm)/AuNPs hydrogel
also demonstrated reversible bending and unbending (~50°) in
response to visible light.”® This is due to the dramatic reduction
in the volume of PNIPAm upon heating, which is also attributed
to the photothermal effect of AuNPs.

In summary, the majority of recently developed photo-
responsive polymer composites are based on the photomecha-
nical effect and can be classified into four categories according
to the response mechanism: SMP composites, LCE composites,
pre-strained polymer composites, and laminated (bilayer or
multilayer) polymer composites with different CTEs. Even though
the light intensity needed to generate the photo-responsiveness
may reach as high as 95 W ecm ™, it generally ranges from 20 to
3000 mW c¢m 2. Since the response speed and strain/motion
complexity are key properties that determine their practical
use in photo-responsive devices, the two properties of various
composites are compared (Table 1). A figure that generally
summarizes these two properties is also shown in Fig. 4. In
general, photo-responsive SMP composites can achieve the highest
complexity of motion. This is due to the intrinsic properties
of SMP since both permanent and temporary shapes are pre-
determined, and therefore complicated shape changes and
motions can be realized. However, there are two limitations in
these SMP composites: slow response and irreversibility. They
generally have response time in minutes, though some of them
show fast response when the motion is based on a broken
equilibrium. The irreversibility of SMP composites has often
resulted from the one-way shape-memory effect and a reset is
needed after the actuation. LCE composites that are based on
nematic-isotropic transformation generally have faster response
(mostly 2-40 s) than SMP composites (mostly several minutes),
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though the majority of them show response time longer than
10 s. However, complicated shape changes and motions can be
hardly achieved, and the response generally includes con-
traction (expansion) and bending (unbending). Even though
the response behavior is simple, large strains (25-50%) can be
easily generated, with the advantage of reversible response
in contrast to SMPs. LCE composites that are based on NIR-
responsive nematic-isotropic transformation also show faster
response (mostly 2-40 s) than those based on UV-responsive
trans—cis isomerization (mostly several minutes, with cis-trans
back isomerization as the speed limiting step). Another limita-
tion of the trans-cis isomerization is that the recovery must be
induced by direct heat or NIR radiation, which might limit its
application when a change of light source is difficult. However,
the UV-responsive trans—cis isomerization has a unique advan-
tage in applications where high temperature is not allowed and
recovery is not required. Pre-strained polymer composites and
laminated polymer composites with different CTEs have the
shortest response time, and the former type mostly show
reversible contraction (expansion) while the latter type mostly
show reversible bending (unbending) behaviors. It is tempting
to directly compare the strain of LCE composites and pre-
strained polymer composites since both of them show reversible
contraction and expansion behaviors. However, in the pre-strained
polymer composites, researchers often monitored stress change
upon light radiation instead of the strain change, because the
pre-strain needs to be maintained during the process of light
radiation, which makes it difficult to directly compare the
contraction (expansion) behavior in such composites with that
of the LCE composites.

Based on the above discussion of their photo-responsive
properties, it can be recognized that such stimuli-responsive
polymer composites can be designed for different applications.
SMP composites are suitable in the condition where actuation
of complex shape changes or motions is needed while reversi-
bility and fast response are not required. The UV-responsive
trans—cis composites have unique applications at low tempera-
ture when heating of the sample is not desired. Simple and fast
motions such as contraction (expansion) or bending (unbending)
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can be readily achieved by using pre-strained composites, as well
as bilayer (or multilayer) polymers with a mismatch in CTE. More
wise design of how the fillers are distributed in the polymer
matrix and the combination of different response mechanisms
need to be developed for the polymer composites to meet the
requirement in various applications.

3. Electro-responsive polymer
composites

Electro-responsive polymer composites exhibit shape change,
motion or change in mechanical properties in response to
electrical stimuli, which can be used in various applications
such as actuators, artificial muscles, and control of structural
vibrations. Most of the electro-responsive polymer composites
can be classified into SMP composites, ionic polymer metal
composites (IPMCs), and electrorheological elastomers (ERES).
The first two categories of polymer composites transduce electrical
energy into mechanical work, and EREs generate a reversible
change in modules under an applied electric field. For both
SMP composites and IPMCs, the response time and applied
voltage are two key parameters for their practical application.
They are summarized in Table 2 followed by the discussion on
the response mechanisms and examples of applications of these
composites.

3.1 Electro-responsive SMP composites

The mechanism for electro-responsive SMP composites is that
the conductive fillers generate heat according to Joule’s law,
which triggers the shape recovery of SMP matrices.”” Generally,
when a constant voltage is applied to the composite, a shape
change can be induced and monitored. A higher voltage often
results in a faster shape recovery.®” Similar fillers as those used
in photo-responsive SMP composites (Section 2.1) have also
been used in these SMP composites to generate Joule heating,
such as CNTs.

A higher distribution uniformity and larger volume ratios of
CNT fillers in the polymer matrix lead to higher electrical and
thermal conductivity, which facilitate faster shape change.”” For
example, CNTs subjected to ozonolysis followed by UV irradia-
tion show more uniform distribution in a PU/PLA matrix, and
the shape of the resultant nanocomposites can be recovered in
15 s after deformation, whereas the pristine composites take
40 s to completely recover their original shape under a voltage
of 40 V.”” A similar phenomenon has also been observed in
PU/PVDF/CNT composites.®® The composites filled with ozone-
modified CNTs recovered their shape in 15 s, whereas the
pristine CNT-filled composites took as long as 30 s. Another
benefit is that the modified CNT fillers also increased the
tensile strength of polymer composites, from 34.1 MPa of pure
PU/PVDF to 90.5 MPa of the composites filled with pristine CNTs,
and 108.2 MPa of the composites with ozone-modified CNTs.

Other efforts have been made to modify or decorate the surface
of CNTs to achieve faster shape recovery. A SMP composite com-
posed of carbon fibers grafted with carboxylic acid-functionalized

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c8tc02980f

Published on 25 2018. Downloaded by Fail Open on 23/07/2025 9:31:49 .

View Article Online

Journal of Materials Chemistry C Review
Table 2 Electro-responsive SMP composites and IPMCs

Polymer composites Response time Voltage (V)
SMP composites

Polyurethane (PU)/poly(lactic acid) (PLA)/CNTs”’ 158 40
PU/PLA/MWCNT"® 50's 20
Poly(butylene succinate)-poly(e-caprolactone) (PBSPCL) copolymer/MWCNT>! 45s 75
PU/CNTs”® 30s 40
PU/PVDF/CNTs* 15's 40
Epoxy-based resin/carboxylic acid-functionalized CNTs grafting onto carbon fiber® 40 s 10
Epoxy-based resin/CNTs grafting onto carbon fiber/Nafion-silica nanofiber®* 20 s 5
Epoxy-based resin/carbon nanofiber (CNFs)/boron nitride nanopaper®? 74 s 4.8
Epoxy-based resin/Al-grafted carbon fiber®* 30s 6
Epoxy-based resin/Ag nanoparticle-decorated GO®* 36 s 8.6
Aerogel/epoxy/CNT/graphene®® 120 s 60
Cyanate ester/carbon black/carbon fiber®” 143 s 60
Hyperbranched PU/MWCNTs®® 9s 40
Polylactic acid (PLA) plasticized by epoxidized linseed oil (ELO)/MWCNTs®® 45s 40
Poly(i-lactide)-PU/CNT*® 180 s at 75 °C 50
Epoxy-based resin/CNT** 8s 17
Poly(ethylene vinyl acetate) (EVA)/poly(s-caprolactone) (PCL)/CNT> 24s 20
PLA-ELO/NH,-CNT®* 25 s for 80% shape recovery 40
PLA-ELO/Cu-CNT** 63 s 40
PU/(CNF)*® 80's 30
Epoxy-based resin/carbon felt fiber®® 52's 10
PU/graphene®” 10s 50
Poly(vinyl acetate) (PVAc)/graphene®® 30s 70
Epoxy-based resin/Au®® 130 s 14.9
Epoxy-based resin/Au'® 80s 13.4
PU/Ag nanowires'*' 5 s for more than 80% shape recovery 5
PU/antimony-doped tin oxide/TiO,'** 60 s 70

IPMCs

Sulfonated polyimide/silver'®®

Sulfonated polyphenylsulfone (SPPSU)/Pt'**
Poly(ether ether ketone) (PEEK)/Pt'%®
Nafion/RGO"'%¢

Nafion-10-camphorsulfonic acid (CSA)/Nafion-sulfonated montmorillonite (MMT) or

107

polypyrrole (PPy)-coated alumina/Pt
Nafion-carboxylated CNT/palladium®

Kraton/GO/Ag/polyaniline (PANi)'°
RGO/poly(2-acrylamido-2-methylpropanesulfonic acid-co-acrylamide)
(poly-(AMPS-co-AAm))/carbon**

CNTs as fillers shows shape recovery from a “U” shape to a flat
shape in 40 s when subjected to a voltage of 10 V, faster than
that with the bare carbon fiber fillers (49 s) due to the higher
electrical conductivity of the CNT-grafted composite.®" Nafion/
silica nanofibers have been electrospun onto the surfaces
of this CNT-grafted carbon fiber to prevent heat dissipation,
and therefore have further improved the actuation efficiency
(a measure of the conversion rate from electrical energy into
electrically resistive heat energy).’” In a composite with
aluminum (Al) nanopowder-grafted carbon fiber fillers, the
siloxane groups were grafted onto the surface of the Al nano-
powders to enhance the interfacial bonding between the carbon
fiber and the SMP matrix. The Al nanopowders facilitate the
transfer of the Joule heating between the carbon fiber and the
matrix, which significantly enhanced electrothermal efficiency
and shape recovery efficiency, with a large electrical actuation at
a voltage as low as 4.0 V (Fig. 5).** Similarly, NH,-funcationalized
CNTs also showed enhanced dispersion and surface interaction
with the polymer matrix due to the crosslinking between the
NH,-functionalized CNTs and the epoxidized soya oil plasticized-
PLA matrix. The results show that the shape memory behavior was

This journal is © The Royal Society of Chemistry 2018

30 s for 45° bending 0
35 s for 90° bending 3
35 s for 90° bending 3
40 s for 45° bending 6
5 s for 45° bending 3

50 s for 35° bending 2
40 s for 35° bending 4
60 s for 30° bending 10

strongly influenced by the weight percent of NH,-CNT: the
recovery time and recovery ratio (%) of the PLA nanocomposite
with 3.0 wt% NH,-CNT were 40 s and 40% under 70 V, respec-
tively, while 5.0 wt% loading of NH,-CNT helped to reduce the
recovery time to 25 s and increased the recovery ratio to 80%
under 40 v.%?

Besides CNTs?"7%7988792 and decorated/modified CNTs,****
other carbon nanostructures such as carbon nanofibers,®”
carbon fiber felt,”® GNP,'""'"> CNT-graphene,*® Ag nanoparticle-
decorated GO®® and graphene,””® and non-carbon fillers such
as patterned Au electrodes,”®'%° Ag nanowires,'’" TiO,,""* and
antimony-doped tin oxide/TiO,'°* have been used as effective
fillers in SMPs. The morphology and structure of these filler
particles can strongly affect the responsive properties. It has been
found that PU with graphene fillers showed higher thermal and
electrical conductivity (1.67 x 10 *Sem ™, 0.36 Wm ' K %) than
that with CNT fillers (2.30 x 10 *Sem ™%, 023 Wm ' K 1),”
which could be due to molecular level interactions between PU
chains and graphene sheets, leading to a more homogeneous
dispersion of nanofillers in the polymer matrix."** Hexagonal
boron nitride (BN) was assembled with CNF and introduced to
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Fig. 5 (a) Snapshot of Joule heating-induced shape recovery of the SMP
nanocomposite with aluminum (Al) nanopowder-grafted carbon fiber fillers
under an electric voltage of 4.0 V. (b) Snapshot of Joule power heating the
SMP nanocomposite monitored using an infrared video camera. Reprinted
with permission from ref. 84. Copyright 2015 Elsevier.

improve the thermal conductivity of an epoxy-based fully form-
able thermoset SMP nanocomposite for enhanced heat transfer
and shape recovery.®*''>''¢ A synergistic effect between CNF and
BN nanopaper on the shape recovery performance of nanopaper—
SMP nanocomposites has been observed for electro-activated
shape recovery. A similar effect was also shown in the composite
with both carbon black and carbon fiber as fillers, with the former
acting as a shortrange charge transporter and the latter as a
remote charge transporter.®”

3.2 IPMCs

A typical IPMC has a sandwich structure composed of an ionic
exchangeable membrane and two conductive electrodes coated
by noble metals, such as Pt, Au, and Ag,'®® or by nonmetallic
nanomaterials such as CNTs,"*”**° graphene,'*° RGO,"*® nano-
porous carbon,"?* carbon aerogel,** graphene-CNT-Ni,"** and
Ag-PANi."® The actuation mechanism is mainly based on expan-
sion of the cathode and contraction of the anode, resulting from
the migration of cations and water molecules toward the cathode
under an electric field (Fig. 6a)."***>> When a hydrated strip of
IPMC is subjected to a voltage, it undergoes a fast bending
deformation towards the anode (positive). Higher voltage leads
to larger strain and larger bending angles."**™% Conversely, a
voltage can be generated between the two conductive electrodes
of IPMC upon mechanical bending due to charge accumulation.
These two functions of IPMC can be utilized to develop actuation
and sensing capability, respectively.'®*
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The ionic exchangeable membrane is the most critical com-
ponent in IPMCs. Among various ionic polymers, Nafion has
been the most widely used membrane material in IPMC actuators
due to its commercial availability, mechanical robustness, high
chemical stability and high proton conductivity.'® However,
some inherent drawbacks still limit its practical applications,
such as high cost, environment-unfriendliness, low water-
retention capability, and back-relaxation.’®® Back-relaxation is a
phenomenon in that the actuation towards the anode is followed
by a slow relaxation back to the cathode when subjected to a step
input voltage."*° This is believed to result from the diffusion of
water back to the anode side due to the pressure in the strained
regions of the polymer matrix, which pushes water molecules out
of the cation-rich clusters."*’** Low-cost sulfonated polyphenyl-
sulfone (SPPSU) has been used as an alternative to Nafion, which
shows doubled ion exchange capacity (2.23 meq g ') and
2.5 times higher water uptake (67.2 wt%) compared with Nafion
(1.02 meq g~ ' and 18.7 wt%), respectively.'® The SPPSU-based
actuator offers more rapid bending response (486 ms) than the
Nafion-based actuator (3250 ms) while maintaining a comparable
maximum strain at 3 V (direct current, DC) (Fig. 6b). Under 3 V
sinusoidal voltage at 1 Hz, its maximum strain is approximately
twice as that of the Nafion counterpart. However, it shows more
serious back-relaxation issue (Fig. 6b). A perfluorinated carboxylic
acid membrane, Flemion™, with higher (40%) ion-exchange
capacity (1.44 meq g ') than Nafion, shows relaxation in the
direction of actuation.'** This is possibly caused by the migration
of the dissociated H' with bonded water molecules to the cathode
side.” A non-relaxation IPMC has been designed by doping the
Nafion matrix with -COOH groups (attached onto carboxylated
CNT), which can generate dissociated H* (Fig. 6¢).'%® By tuning
the CNT content to 2 wt%, a non-relaxation composite can be
achieved, though it shows much smaller displacement (~4 mm)
than that with 10 wt% CNT (~17 mm) (Fig. 6d). Nevertheless,
this work provides some insight to further mitigate the relaxation
issues by incorporating ion-buffering materials.

Modifications have been also made on the Nafion membrane
to increase the displacement and response speed, and to reduce
the back-relaxation. A triple-layered IPMC is composed of a
Nafion layer containing an amphiphilic organic molecule
(10-camphorsulfonic acid; CSA) in the middle section, and
two Nafion composite layers containing sulfonated MMT or
PPy-coated alumina particles as fillers in the outer sections."®”
The triple-layered IPMCs exhibited 42% higher tip maximum
displacements and more rapid response than conventional
single-layered Nafion-IPMCs under 3 V voltage, with negligible
back-relaxation. The improvement is attributed to higher capa-
citances, more efficient transport of mobile ions and water, and
larger retention of the mobile species in the outer layer com-
posites. It is expected that with further optimization of the
membrane structure and composition, larger displacement,
faster response and smaller relaxation may be achieved.

3.3 EREs

ERE is the solid counterpart of the electrorheological fluid
(ERF). ERF is comprised of polarizable particles dispersed in
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(a) Working principle of an IPMC actuator. (b) Bending strain as a function of time for various SPPSU-based IPMC actuators in air under a DC

voltage of 3 V. Reprinted with permission from ref. 104. Copyright 2014 Royal Society of Chemistry. (c) Illustration of the hypothesis of neutralizing the
relaxation deformation of Nafion-IPMC by the slow anode deformation of Flemion-IPMC. (d) The deformations caused by CCNT (obtained by subtracting
the deformation of IPMC without CCNT doping from the deformation of IPMC with various CCNT contents). Reprinted with permission from ref. 108.

Copyright 2018 Royal Society of Chemistry.

an insulating fluid such as silicone oil or mineral oil. Such
fluids can be converted reversibly from a liquid-like to solid-like
state by an applied external electric field, because the dipole-
dipole interaction between the particles makes them tend to
aggregate and form chains/columns along the applied field
direction.”**™° ERE consists of suspended semiconducting
particles in a cross-linkable polymer matrix."*' In response to
an applied electric field, the particles aggregate and form a
columnar structure with dipolar interactions (Fig. 7a).'*> There-
fore, EREs show reversible change of modulus, which is attributed
to the mismatch in the dielectric constant and conductivity
between the semiconducting particles."*"'*>'** Due to the
distinct properties of their constituent materials, EREs have
advantages over ERFs because they have no aggregation of
particles and no leakage of carrier liquid, which are two short-
comings of ERFs."*>'® In addition, EREs also have advantages
over magnetorheological elastomers (MREs), since the latter are
driven by the magnetic field, which is hard to generate without
large-sized electromagnetic coils."*”

Filler particles play a key role in EREs by enhancing their
mechanical properties. In recent years, titanium dioxide (TiO,)
or modified TiO, has been widely used as fillers in EREs for
improved modulus."*®'*° An ERE composed of acetylacetone
dipolar molecule-doped mesoporous aggregates of TiO, in a
PDMS matrix has a storage modulus of 2 MPa under an electric
field of 2 kv mm ™", compared with 1.5 MPa without an electric
field (Fig. 7b)."*' The relative change in the elastic modulus
increases with the DC electric field and decreases with the
increasing AC electric field frequency. This behavior is mainly

This journal is © The Royal Society of Chemistry 2018

attributed to the higher conductivity and larger relative permit-
tivity of TiO, (2.5 x 1077 S m™ ", 120) than the PDMS matrix
(1 x 107 S m™", 2.7). As another example, urea-coated TiO,
particles dispersed in silicone rubber have a storage modulus of
0.81 MPa under an electric field of 3 kv mm™", compared with
0.21 MPa without an applied electric field (Fig. 7c).">* The ERE
filled with urea-coated TiO, shows a higher storage modulus
than that with bare TiO, (0.67 MPa), which is due to the higher
dielectric constant of the former (Fig. 7d). The same group
of researchers also modified the surface of TiO, particles with
two coupling agents, 3-(trimethoxysilyl)propyl methacrylate
(A174) and triethoxyvinylsilane (VITEO), to further increase
the interfacial bond strength and achieved a higher dielectric
constant.”>! Due to the change of modulus in response to an
electric field, EREs can be used in various applications such as
control of structural vibration."*'%?

In summary, both electro-responsive SMP composites and
IPMCs show electromechanical response, and EREs show electro-
rheological response. As displayed in Table 2, a comparison
between the group of SMP composites and the IPMCs shows that
the latter have more rapid response under a smaller voltage.
However, as mentioned in the section of photo-responsive SMP
composites (Section 2.1), SMP composites can achieve more
complex shape changes or motions, while IPMCs only show
bending behavior under an electric field. Although applying
different driving signals to different sectors of IPMCs may enable
154155 it requires sophisticated
control, which can limit its practical applications in real systems.
For EREs, they can be adopted to design smart devices with a

complex motions such as twisting,
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Fig. 7 (a) Schematic diagram of the ER phenomenon under an applied electric field. Reprinted with permission from ref. 142. (b) The DC electric field
dependence of the storage modulus G’ by applying the switching electric fields of different values. Reprinted with permission from ref. 141. Copyright
2015 Royal Society of Chemistry. (c) Storage modulus G’ of elastomers filled with TiO, and TiO,/urea particles as a function of electric field strength.
(d) Dielectric constant as a function of the electric field frequency of elastomers filled with TiO, particles and TiO,/urea particles. Reprinted with

permission from ref. 150. Copyright 2015 American Chemical Society.

simple structure and low weight, such as shock absorbers,'*>
controlled cantilever sandwich beam,"** and dampers.'*®

4. Thermo-responsive polymer
composites

Thermo-responsive polymer composites have been extensively
explored for decades, among which the emerging positive-
temperature-coefficient (PTC) composites have received great
attention due to their wide applications in temperature sensors,">”
thermistors,'>® heating elements,"® electrochemical storage
devices,'®® etc. PTC composites often refer to composite materials
that show an increase in electrical resistance when their tem-
perature increases. Their operation mechanism is mainly based
on the change of the percolation network of conductive filler
particles in a polymer matrix upon its volume expansion or
shrinkage due to temperature change. Such a temperature
change can be induced by direct heating or Joule heating. The
PTC intensity (the ratio of peak resistivity to room temperature
resistivity) is a key parameter of PTC materials and a higher value
is usually desired."®*

The onset temperature of PTC composites is the tempera-
ture when the resistance starts to increase. Particularly, some
PTC composites have a “switching temperature”, beyond which
their resistance increases sharply. These PTC composites are
suitable for applications (e.g., thermal fuse) in which a sharp

11828 | J Mater. Chem. C, 2018, 6, 1181711834

change in resistance is required at certain temperatures. Such a
rapid change can be achieved by designing the microstructure
of filler particles with an optimal selection of the polymer
matrix. For example, a fast and reversible thermo-responsive
polyethylene (PE)/graphene-coated spiky nickel (GrNi) composite
(TRPS) has been fabricated and incorporated into the electrodes
of the lithium-ion battery for safe management (Fig. 8a)."®> The
graphene coated on the surface of Ni particles provided high
electrochemical stability toward oxidation and electrolyte
decomposition. Once a high temperature is induced (e.g. by a
high current), the expansion of PE increases with the tempera-
ture, leading to an increased distance between Ni particles in
the PE matrix and therefore causing a reduction in the electrical
conductivity (Fig. 8b). This PTC material displays a high elec-
trical conductivity of 50 S em™' at room temperature, which
decreases by seven to eight orders of magnitude within 1 s upon
an increase in temperature to 80 °C (Fig. 8c). Batteries with this
PTC composite built in the electrode can rapidly shut down
under overheating and shorting conditions to prevent detri-
mental thermal runaway. After that, the batteries will cool down
and are able to resume their normal functions at room tem-
perature (Fig. 8d).

To further investigate the mechanism of the reversible and
rapid response of the TRPS, impedance spectroscopy and low-
temperature electrical measurements are performed to reveal
the charge transport behavior of the nanospiky Ni-based nano-
composites upon temperature change."®® The overall impedance

This journal is © The Royal Society of Chemistry 2018
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(a) Thermal switching mechanism of the TRPS material. The symbol (x) illustrates blocking of electron or ion transport. (b) Resistivity changes of

different TRPS films as a function of temperature, including PE/GrNi with different GrNi loadings and PP/GrNi with a 30vol% loading of GrNi.
(c) Dependence of resistance on time for PE-based composites with different conductive fillers on heating. (d) Demonstration of the thermal switching
behaviour of a TRPS film using a LED connected in the circuit. Reprinted with permission from ref. 162. Copyright 2016 Springer Nature. (e) Proposed
electric circuit model that describes the charge transport used to fit the measured conductivity data. (f) Temperature dependence of Rier (NnOrmalized with
the room temperature value at T = 300 K for different composites). (g) Normalized electrical conductivity—temperature dependence. 50 K < T < 190 K:
linearly increasing resistivity—temperature. 190 K < T < 265 K: resistivity following an exponential temperature dependence. 265 K < T < 360 K: stretched
exponential temperature behavior. Reprinted with permission from ref. 163. Copyright 2016 John Wiley and Sons.

can be attributed to intracluster resistance (ohmic, Rinra),
intergrain resistance (contact, Riner), and capacitance (Cinter)
in parallel with Rj,e, (Fig. 8€). As temperature increases, Riner
increases more significantly when the Ni volume fraction is
above the percolation region, while for a similar volume frac-
tion, the carbon black network does not show dramatic changes
in Ryp¢er (Fig. 8f). There are three transport regimes close to the
percolation region: metal-like, tunneling, and dielectric regimes,
among which the quantum tunneling effects play a major role,
leading to significant interparticle resistance change upon
expansion and contraction of the polymer matrix (Fig. 8g). The
Ni/PE nanocomposites show adaptable electrical properties with
tunable temperature sensitivity that makes them the ideal
candidates for applications not only in battery safety control,
but also in sensors to monitor physiological functions, where
extremely small temperature variations need to be detected."””
The onset temperature generally increases with increasing
filler content in the PTC composites.'®>¢*1° The original gap
between the adjacent fillers is smaller in PTC composites with
higher filler content, and therefore requires a larger expansion
for the sharp reduction of tunneling current, which means a

This journal is © The Royal Society of Chemistry 2018

higher onset temperature. A mechanism study on the depen-
dence of filler content has been performed in the ultrahigh
molecular weight polyethylene (UHMWPE)/low density poly-
ethylene (LDPE)/carbon fiber composite."®® The conclusion is
that filler content dependence of the onset temperature was
attributed to the different size of the largest clusters.

Filler size also influences the thermo-responsive behavior of
PTC composites. A high density polyethylene (HDPE)/silver
coated glass flakes (AgF) composite as the model material has
been studied to investigate the effect of filler size on PTC
intensity.'®” It has been found that the PTC intensity increases
with increasing filler size and decreasing filler content for both
spherical and platelet-like AgFs. This is because the smaller
specific surface area of larger fillers and lower filler content
enable fewer possible conductive pathways, which makes it
easier to disrupt the conductive network.

The polymer matrix determines the expansion/shrinkage
behavior of PTC composites. The majority of the PTC compo-
sites utilize PE or PVDF as the polymer matrix because of their
relatively large CTE values, such as PE/carbon black,"*® (HDPE)/
carbon black/polyamide,'®® HDPE/CNT,'*® LDPE/carbon fiber,"®’
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poly(ethylene-co-vinyl alcohol)/carbon black,"”® PVDF/graphene,"”*
and PVDF/Ni'®* composites. Strategies such as surface modifica-
tion of fillers and embedment of multiple fillers have been used to
enhance the PTC properties. For example, the coupling of silane/
titanate-modified carbon black and MWNTs in the HDPE matrix
improves the intensity and reproducibility of the PTC effect.”” The
increase in the intensity is ascribed to the anti-oxidation function
of the silane or titanate coupling agents, since the oxidation of
conductive particles at elevated temperature can lead to low PTC
intensity. The dispersion of MWNTSs can help in the reformation
of the conductive paths caused by the volume expansion during
the repeated heating—cooling cycles, and therefore improve the
reproducibility.

In summary, PTC composites are typical representatives of
thermo-responsive composites. The microstructure and volume
fraction of fillers play important roles in dictating their respon-
sive properties. Generally, the onset temperature increases with
the increasing filler content, and the PTC intensity increases
with the decrease of filler content and the increase of filler
sizes. Although the mechanism of the PTC effect and how the
properties of fillers and the polymer matrix dictate the behavior
of PTC composites have been well developed, challenges lie in
designing fast responsive PTC composites with superior rever-
sibility, stability and reproducibility. In applications where an
on/off switch is required, a sharp increase of the resistance upon
temperature increase is desired. Due to the repeated expansion
and contraction of the polymer matrix, the complete recovery of
the conductive network is difficult to achieve. Therefore, rational
design such as a wise selection of filler structures and surface
modifications, cross-linking of polymer matrices, as well as
taking advantage of the synergistic effect of multiple fillers is
desired for future PTC composites to meet the requirement of
various applications.

5. Conclusions and perspectives

Polymer composites that are responsive to various environ-
mental stimuli such as light irradiation, electric field (or current)
and direct heating have attracted increasing attention over the
past few years. Their functional properties upon different stimuli
have been extensively investigated with detailed understanding
of the underlying mechanisms. Rational designs at both the
material and system levels have enabled the applications of these
polymer composites in many important areas. Photo-responsive
polymer composites show advantages of remote manipulation
and fast response. The majority of them find applications for
actuators and robotics based on the photomechanical effect. For
electro-responsive polymer composites, one key advantage is
their easy and precise control of the applied electric field to
achieve desired structure/shape changes. SMPs may be photo-
responsive or electro-responsive, and the working mechanism
is the photothermal and electrothermal effect, respectively. PTC
composites represent the majority of thermo-responsive poly-
mer composites. Even though the concept of PTC has existed
for a few decades, the recent designs of novel filler structures

11830 | J. Mater. Chem. C, 2018, 6, 11817-11834

View Article Online

Journal of Materials Chemistry C

can offer unprecedented functions. Further understanding of
the underlying mechanism and more creative designs of con-
stituent materials will make PTC composites shine in emerging
applications.

Despite the great advances achieved as far, there are still
some major challenges in this field. Efforts are needed for a
better understanding of the property-function relationship to
generate sophisticated control strategies of the structure/shape
change, response time and mechanical robustness. These will be
the foundation for practical application of all types of polymer
composites. The synthesis of new polymer matrices and filler
materials as well as the design of composite architectures (multi-
layer, core-shell, three-dimension, etc.) can lead to more intelli-
gent and complex devices. In addition, multi-stimuli-responsive
polymer composites may be fabricated by coupling different
stimuli-responsive features to enhance the flexibility of control.
With the future development of new materials, innovative design,
and multi-stimuli coupling, one can deliver smarter systems with
more functions, higher complexity and better robustness.
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